In this study, we examined the relationship between the molecular weight of dextran sulfate sodium (DSS) and the features of colitis in a DSS-induced mouse model of human ulcerative colitis. DSS at three different molecular weights, 5 kD, 40 kD and 500 kD, was used in this study. DSS was administered in drinking water at 5% (w/v) to 6-7-weekold female BALB/c mice. After 7 days of treatment with DSS, the large intestine was examined histopathologically. Colitis was characterized by a loss of crypts, infiltration of inflammatory cells into the mucosa and submucosa, edema of the submucosa, erosion and ulceration and was observed in mice given the 5 kD and 40 kD forms but not the 500 kD. In the 5 kD group, colitis was observed predominantly in the cecum and upper colon. Colitis in the 40 kD group was more severe than that in the 5 kD group, and in the 40 kD group it was more severe in the lower colon than in the upper colon. These findings suggest the molecular weight of DSS to be an important factor in the murine model of colitis.
Introduction
It is known that oral administration of dextran sulfate sodium (DSS), a sulfated polysaccharide, induces colitis in experimental animals such as mice [1, 4, 15, 20, 24, 28] , rats [13, 27] , guinea pigs [11, 14] and hamsters [23] , and such colitis is considered an animal model of human ulcerative colitis (UC) [4, 13, 20, 24, 27] . A difference in susceptibility to DSS-induced colitis among species has been reported. For instance, guinea pigs show high susceptibility, and colitis develops primarily in the cecum [11, 14] , but mice and rats develop lesions mainly in the colon [4, 24] . Furthermore, in inbred strains of mice, a different susceptibility to DSS-induced colitis was recently reported [20] . To induce colitis, DSS at different molecular weights has been used [1, 4, 11, 13-15, 20, 23, 24, 27, 28] . The molecular weight of DSS is considered an important factor in the induction of colitis in the rodents [1, 9] . To our knowledge, however, there have been no comparative studies of the features of colitis induced by DSS at different molecular weights. To understand the mechanism underlying the colitis in this model, it is important to clarify the relationship between the molecular weight of DSS and the features of colitis. In this study, we histopathologically examined the features of colitis induced in mice by DSS of different molecular weights.
Materials and Methods

Animals:
Female BALB/c Cr Slc mice (Japan SLC Co., Shizuoka, Japan) aged 6-7 weeks were used in this study. The mice were fed an autoclaved commercial diet (CA-1; Japan CLEA, Tokyo, Japan) and given drinking water ad libitum. Five animals were housed in each cage. The animal room was maintained at 22 ± 2°C with 55 ± 5% humidity. The room was illuminated for 12 hr each day.
Induction of colitis: DSS at three different molecular weights, 5 kD (Wako Pure Chemical Industrial, Ltd., Osaka, Japan), 40 kD (ICN Biomedicals Inc., CA, USA) and 500 kD (Sigma Chemical Co., MO, USA), were used in this study. Sulfur content of these sulfated polysaccharides was determined by Dodgson's turbidimetric method [5] . Sulfur content of the 5 kD, 40 kD and 500 kD forms was 18.3 ± 1.5% (mean ± SE), 17.2 ± 2.1% and 17.5 ± 1.5%, respectively (no statistical differences). Mice were divided into four groups of 5 each. Group A comprised mice who were given only distilled water (controls); Group B comprised mice who were given 5 kD; Group C comprised mice who were given 40 kD; and Group D comprised mice who were given 500 kD. To induce colitis, DSS was dissolved in drinking water to 5% (w/v), which was administered to each group for 7 days. This study design was approved by the Saga Medical School Animal Care and Use Committee and followed the Saga Medical School guidelines for animal experimentation.
Histological evaluation of colitis: After 7 days of DSS administration, the mice were killed by cervical dislocation of the spine, and the cecum, colon, liver and mesenteric lymph nodes (MLN) were removed. The cecum and colon were fixed in 10% neutral-buffered formalin. After fixation, the colon was divided into three equal segments: proximal colon, middle colon and distal colon. Three or four transverse sections from each segment were cut in equal intervals. These specimens were embedded in paraffin, and sections were cut and stained with haematoxylin-eosin (H-E).
Colitis was graded for severity according to mucosal damage (D) based on the method of Cooper et al. [4] and extension of the lesion (E). Both are detailed in Table 1 . The histological index (HI) was calculated as (D) plus (E). HI was expressed as the mean of the score for each segment, the cecum, proximal, middle and distal colon. All slides were scored blindly.
Histochemical detection of sulfated polysaccharides: The liver and MLN were fixed in Carnoy's solution and embedded in paraffin. To identify the sulfated polysaccharides by metachromasia, specimens were stained with toluidine blue at pH 2.5 [15, 25] .
Isolation of sulfated polysaccharides from feces: Feces were collected 3 days after administration of DSS and stored in cold acetone at -20˚C until analysis. The feces were dried and rehydrated (50 mg/ml) at 4˚C in 0.1 M sodium acetate buffer (pH 5.0) containing 5 mM EDTA. After 24 hr, papain (Sigma Chemical Co.) was added to the sample at 10 mg/ml and incubated at 60˚C for 24 hr. The mixture was then centrifuged at 3000 rpm for 30 min, and the supernatant was collected.
Dimethylmethylene blue (DMB) assay: The concentration of sulfated polysaccharides was determined with a 1,9-dimethylmetylene blue (DMB) assay [6] . The DMB solution was prepared by dissolving 16 mg DMB, 3.04 g glycine, 2.37 g sodium chloride, and 95 ml 0.1 M hydrochloric acid in 1000 ml distilled water. The Lesions involving the entire intestine pH was adjusted to 3.0. For this assay, 10 µl of each sample was mixed with 250 µl of DMB solution at room temperature, and the absorbance was measured immediately at 525 nm. Standard curves were prepared for each molecular weight.
Polyacrylamide gel electrophoresis (PAGE):
The molecular weights of the sulfated polysaccharides in the feces were estimated by PAGE [7, 8] . Samples (10 µg) were applied to 6% polyacrylamide slab gels at 200 mA for 45 min with a 0.1 M phosphate buffer (pH 11.5) containing 0.125 M formic acid. After electrophoresis, the gel was stained with 0.1% toluidine blue in 1% acetic acid.
Statistical analysis: Data are expressed as the mean ± SE. Statistical analysis was performed by the Kuruskal-Wallis test. When a difference was significant, the Wilcoxon signed ranks test was used as a post hoc test to determine the significance of the differences in multiple comparisons. A p value of <0.05 was considered statistically significant.
Results
Histological features of colitis: After 7 days of DSS administration, colitis was observed in groups B (5 kD DSS) and C (40 kD DSS). By histological examination, the features of colitis were characterized as a loss of crypts, infiltration of inflammatory cells into the mucosa and submucosa, edema of the submucosa, erosion and ulceration (Fig. 1) . The histological changes in group B were similar to those in group C, but the severity and main site of the colitis in these two groups were different. In group B, relatively patchy lesions were observed mainly in the cecum and upper colon. In group C, the colitis was diffuse, and the most severe colitis was observed in the lower colon. Colitis was not observed in either group A or D (500 kD DSS).
Comparison by histological index (HI):
The HI for each group is shown in Table 2 . In group B, the HI of the cecum was significantly higher (p<0.05) than that of the proximal colon, middle colon or distal colon, and the HI of the proximal colon was significantly higher (p<0.01) than that of the middle colon or distal colon. In group C, the HI of the middle colon was significantly higher (p<0.01) than that of the proximal colon, and the HI of the distal colon was significantly higher than that of the cecum (p<0.05) or proximal colon (p<0.01). The most severe colitis observed in group B was located in the cecum, and that in group C was in the distal colon. Moreover, when comparing groups B and C, the HI values in the middle colon, distal colon and the total of group C were significantly higher (p<0.01) than those values in group B. The HIs in all segments in both groups B and C were significantly higher (p<0.05) than those in groups A and D. There was no statistical difference between groups A and D.
Detection of sulfated polysaccharides in the liver and MLN: Uptake and deposition of sulfated polysaccharides after oral administration of DSS were examined histochemically in the liver and MLN. 
Molecular weights of sulfated polysaccharides in feces:
We determined by PAGE whether orally-administered DSS was degraded to a smaller molecular weight in the gastrointestinal lumen. DSS at the different molecular weights of 5 kD, 40 kD, and 500 kD showed unique electrophoretic patterns corresponding to the molecular weight. The electrophoretic patterns of sulfated polysaccharides isolated from feces 3 days after administration of DSS were similar to those for DSS before administration (Fig. 3) . Smaller molecular weight of sulfated polysaccharides was not detected. A significant amount of sulfated polysaccharides was not recovered from the feces of control mice.
Discussion
Spontaneous [3, 19] and drug-induced forms of UC in animals have been used as models for human UC [18, 21, 22, 24, 29] . There have been recent reports of knockout mice that develop colitis [16, 26] . These animal models have been used to study the mechanisms of inflammatory bowel disease and the therapeutic effects of anti-inflammatory agents. The DSS-induced colitis model has some advantages when compared to other models of colitis. For example, an acute, chronic, or relapsing model can be produced easily by changing the concentration and cycle of administration of DSS [24] . Moreover, dysplasia that resembles the clinical course of human UC occurs frequently in the chronic phase of DSS-induced colitis [4, 24] , but the exact mechanisms of induction of colitis in this model are still unknown.
Studies of the effect of the molecular weight of DSS on the induction of colitis or carcinogenicity in the rodent model were reported by Axelsson et al. [1] and Hirono et al. [9] . Axelsson et al. [1] suggested that a high sulfate content per molecule of DSS is important for the induction of colitis. They observed a significant reduction in colitis-induction when the sulfur content is below 16.6%, and augmentation of inflammatory activity with increasing molecular weights. Hirono et al. [9] reported a relationship between the molecular weight of DSS and carcinogenicity in rats. They found that DSS of larger or smaller molecular weights had no carcinogenic activity when DSS at three different molecular weights, 9.5 kD, 54 kD, and 520 kD, was administered to rats at 2.5 % for 480 days. These studies indicate that the molecular weight of DSS is an important factor in the induction of colitis and colonic tumors in rodents.
In this study we showed that the severity and primary location of colitis differ with the administration of DSS at different molecular weights for 7 days in mice. In mice given the 5 kD form, colitis is observed predominantly in the cecum and upper colon. In contrast, in mice treated with 40 kD DSS, colitis is more prominent in the lower colon. The colitis induced by 40 kD DSS is more severe than that induced by 5 kD DSS, but no colitis was observed in the mice given 500 kD DSS in this study.
It is possible that the lack of colitis in mice treated with 500 kD DSS is due to the high molecular weight preventing passage of the molecule through the mucosal membrane. After 7 days of treatment with DSS, metachromatic substances were observed in hepatic Kupffer cells in mice given 5 kD or 40 kD DSS but not in those given 500 kD DSS. The metachromatic stain- ing by toluidine blue occurs not only with externally administered sulfated polysaccharide such as DSS but also with endogenous mast cell granules, but it is possible to distinguish administered sulfated polysaccharide from mast cell granules [15] . The metachromatic substance in the cytoplasm of the macrophages is larger than the granules in mast cells [15] . Based on our previous study [15] that indicated that DSS after oral administration during the acute phase of colitis is taken up by mononuclear phagocytosis system in the liver and MLN, we did a histochemistry study on the liver and MLN in this study. The electrophoresis analysis demonstrated that the molecular weights of DSS detected in the feces were the same as those of the DSS in drinking water before administration. Moreover, the molecular weight of DSS detectable by histochemistry is considered to be large [25] . These data suggest that the majority of DSS administered orally is not degraded into smaller fragments in the gastrointestinal lumen, and DSS may pass intact through the mucosal membrane.
In the difference in severity of colitis caused by the 5 kD and 40 kD DSS molecules, the sulfur content per molecule may be an important factor in the induction of colitis as Axelsson et al. [1] reported. They suggested that larger molecular weights of DSS may be desirable to induce severe colitis, since higher molecular weight forms of DSS contain more sulfur per molecule.
In the gastrointestinal tract, mucosal epithelial cells form a structural barrier composed of mucus and tight junctions that protects against luminal substances that are harmful to the host [2, 10, 12] . It has been reported that in the large intestine, the cecum is the most permeable portion, and it is a weak point for luminal substances in guinea pigs [14] . Other in vitro studies of the large intestines with various test markers showed that the proximal colon is more permeable than the distal colon [12, 17, 28] . The most permeable portion of the colon is thought to be the region where a large amount of DSS can pass through the mucosal membrane, but in the present study the most severe colitis induced by 40 kD DSS occurred in the distal colon. We can't explain this contradiction, but this phenomenon may be due to the differences in molecular weights and not in the degree of sulfation because the sulfur contents of the three different molecular weights of DSS used in this study were approximately equal. This mouse model of colitis will be a unique tool for analyzing the relationship between the molecular weights of toxic substances and mucosal permeability as a function of the mucosal barrier in the large intestine.
In conclusion, we showed that the severity and regional localization of colitis were different for three different molecular weights of DSS used to induce colitis in mice. These findings suggest that the molecular weight of DSS as well as the species difference in susceptibility and strains are important factors in the DSS-induced murine colitis model.
